arXiv:1501.04208vl [nucl-th] 17 Jan 2015 


Parity violation in quasielastic electron-nucleus scattering within the 
relativistic impulse approximation 


R. Gonzalez-Jimenez, 1,2 J.A. Caballero, 1 and T.W. Donnelly 3 

1 Departamento de Fisica Atomica, Molecular y Nuclear, 

Universidad de Sevilla, fl080 Sevilla, Spain 
2 Department of Physics and Astronomy, 

Ghent University, Proeftuinstraat 86, 

B-9000 Gent, Belgium 
3 Center for Theoretical Physics, 

Laboratory for Nuclear Science and Department of Physics, 

Massachusetts Institute of Technology, 

Cambridge, Massachusetts 02139, USA 
(Dated: January 20, 2015) 

We study parity violation in quasielastic (QE) electron-nucleus scattering using the relativistic 
impulse approximation. Different fully relativistic approaches have been considered to estimate 
the effects associated with the final-state interactions. We have computed the parity-violating 
quasielastic (PVQE) asymmetry and have analyzed its sensitivity to the different ingredients that 
enter in the description of the reaction mechanism: final-state interactions, nucleon off-shellness 
effects, current gauge ambiguities. Particular attention has been paid to the description of the 
weak neutral current form factors. The PVQE asymmetry is proven to be an excellent observable 
when the goal is to get precise information on the axial-vector sector of the weak neutral current. 
Specifically, from measurements of the asymmetry at backward scattering angles good knowledge of 
the radiative corrections entering in the isovector axial-vector sector can be gained. Finally, scaling 
properties shown by the interference 7 — Z nuclear responses are also analyzed. 
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I. INTRODUCTION 


As is well known, the purely electromagnetic 
(EM) interaction clearly dominates electron scat¬ 
tering reactions, being Parity-Conserving (PC) 
processes. However, the electron also interacts 


through the weak neutral current (WNC) interac¬ 
tion that does not conserve parity, i.e., via Parity- 
Violating (PV) processes. Although the weak in¬ 
teraction is several orders of magnitude smaller 
than the EM one, the role played by the former 
in the scattering process can shed some light on 
specific ingredients in the reaction mechanism that 
are not accessible from studies considering only 
the EM interaction. The main objectives pursued 
through the analysis of PV electron scattering re¬ 
actions are: (i) to serve as a test of the Standard 
Model, (ii) to serve as a tool to determine the elec- 
troweak form factors of the nucleon, and (iii) to use 
the weak interaction as a probe to study nuclear 
structure. In this work we focus on the second 
goal, that is, getting information on the nucleonic 
structure. 

The measurement of PV effects in electron- 
nucleon/nucleus scattering requires one to build 
observables that show a very high sensitivity to the 
electroweak interaction and which are insensitive 
to contributions arising from the dominant EM 
force. The helicity asymmetry or PV asymmetry 
is defined as the ratio between the difference and 
sum of cross sections with opposite helicity of the 
incident electron, 


A PV = 


a + + a 


T PV 

T PC 


( 1 ) 


where the superscript +/— denotes posi¬ 
tive/negative helicity. The numerator in Eq. (JT]) 
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is only different from zero if PV effects are 
considered. Hence we denote the resulting cross 
section as a pl . On the contrary, the denominator 
in Eq. m is dominated by the PC EM interaction, 
so it is denoted as a PC . It is important to point 
out that previous comments refer to inclusive pro¬ 
cesses in which the target nucleus is not polarized. 
In any other situation, nuclear responses linked 
only to the EM interaction can also contribute to 
the numerator in the PV asymmetry M- 

In this work we restrict our attention to the 
study of inclusive PV electron-nucleus scattering 
processes, A(e, e')B. We consider the QE regime 
that corresponds to the electron being scattered 
from a single nucleon that is subsequently ejected 
from the target nucleus. Within the Born approx¬ 
imation, in which the interaction is described by 
the exchange of a single virtual boson, the Feyn¬ 
man diagrams that represent the scattering process 
are those represented in Fig. [T] (a) one-photon ex¬ 
change (EM interaction) and (b) on e-Z° exchange 
(WNC interaction). The first-order contribution 
to a pl in Eq. ( [T]) arises from the interference be¬ 
tween diagrams (a) and (b) in Fig. [Q The hclicity 



FIG. 1: (Color online) Feynman diagrams representing 
PVQE electron-nucleon scattering in Born approxima¬ 
tion: (a) EM interactioon - one photon ( 7 ) exchanged, 
(b) WNC interaction - one Z° exchanged. 

asymmetry, denoted also as the PVQE asymmetry, 
Aqe, provides a very useful tool to study the WNC 
interaction. For some specific kinematical condi¬ 
tions, that are analyzed in Sect. M the PVQE 
asymmetry can help in determining the isovec¬ 
tor contribution in the axial-vector form factor of 
the nucleon. This aspect of the problem was al¬ 
ready suggested in some previous work BH3 , and it 
can complement the whole set of information pro¬ 
vided by the analysis of parity violation in elastic 
electron-proton scattering. This latter process was 
studied in detail in |8H10l] with emphasis on the 
vector strange form factors of the nucleon and the 


effects linked to the radiative corrections. These 
ingredients also play a role in the case of QE elec¬ 
tron scattering. Furthermore, the complex struc¬ 
ture of the nuclear target introduces additional dif¬ 
ficulties that should be carefully addressed. Some 
questions of importance in describing PVQE elec¬ 
tron scattering are: 

• Do the current nuclear models reproduce PC 
processes with enough precision to be used 
for PV processes? 

• Which channels beyond the impulse approx¬ 
imation (IA) contribute to the PVQE asym¬ 
metry? 

• How important are the modifications of the 
nucleon form factors due to the nuclear 
medium and to their off-shell character? 

• What role is played in the PV asymmetry by 
the Coulomb distortion of the electron wave 
functions? 

With regards to the first question, the relativistic 
model considered in this work (relativistic mean 
held model, RMF) has been widely and success¬ 
fully tested in several previous studies [Ill, fl2j . 
Within the RMF final-state interactions (FSI) be¬ 
tween the ejected nucleon and the residual nu¬ 
cleus are incorporated using the same mean held 
employed in describing the wave functions of the 
bound nucleons (we refer to it as the RMF-FSI 
model). Particular mention should be drawn to 
the phenomenon of scaling and the excellent de¬ 
scription of the experimental data 0 provided by 
the model. Contrary to most non-relativistic mod¬ 
els, the RMF-FSI is capable of describing not only 
the magnitude of the experimental scaling func¬ 
tion, but also its asymmetric shape and the fact 
that is has a long tail extending to large values 
of the transferred energy. On the other hand, the 
PVQE asymmetry, being built as a ratio of cross 
sections, is expected to be only mildly modified by 
the uncertainties linked to the nuclear models. 

In some previous work fl3l - fl5| it has been shown 
that effects connected to two-body currents are 
small in the transverse responses attached to the 
interference between EM and WNC currents (in 
what follows denoted simply as PV responses); 
however, the situation is clearly different in the 
longitudinal channel. Here effects beyond the IA 
can be very significant. This result can make 
it difficult to get information on the nucleonic 
structure from PVQE asymmetry data taken at 
forward scattering angles (where the longitudinal 
response is not negligible). On the contrary, at 
backward angles the longitudinal contribution is 
tiny (see Sect. GD, and therefore, effects beyond 
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the IA lead to very mild changes in the PVQE 
asymmetry. 

The potential modification of the form factors 
of the nucleon due to the nuclear medium has 
been studied in some previous work considering 
various theoretical approaches: the quark-meson 
coupling model (QMC) Qjl, Q3, and the light- 
front constituent quark model [181 ] . Both models 
provide expressions for the EM form factors that 
depend on the nuclear density. In [T9M2TI ] 
results for polarization observables corresponding 
to the exclusive process A(e, e'p)B were computed 
using the form factor prescription given by QMC. 
These results do not differ significantly from those 
computed using the free prescription of the form 
factors. Thus in this work all results are computed 
using the free prescription for the nucleon form 
factors. On the other hand, concerning the strange 
form factors, Horowitz and Piekarewicz pointed 
out in [H] that the strangeness content in the 
nucleon is expected to increase in a significant 
way with the nuclear density. Nevertheless, these 
results have not been confirmed nor has realistic 
modeling of such effects yet been developed. 
Consequently, in this work we assume that the 
strange matrix elements in the nucleon do not 
depend on the nuclear density. 

The approximations used to deal with the off- 
shell vertex are discussed in Sect. [II] This subject 
has been treated in detail in [23 h 26| in the case of 
PC electron scattering reactions. Results shown in 
this work complement the more elaborated study 
presented in our companion paper Q where the 
focus is placed on exclusive (e, e'N) reactions. 
Although the latter are not adequate to analyze 
PV effects due to the presence of the so-called 
fifth EM response function, we have considered 
its analysis to be of interest in order to get 
some insight concerning the off-shell and gauge 
ambiguities in the PV observables. 

Finally, we briefly address the question of the 
Coulomb distortion of electrons. This aspect 
of the problem has been analyzed in previous 
work using non-relativistic approaches [27 . [28] as 
well as a fully relativistic description Hill. 
The incorporation of Coulomb effects introduces 
important complications in the treatment of the 
scattering process. Not only does the required 
computational time explode, but also the clear 
separation between the leptonic and hadronic 
tensors with the subsequent appearance of the 
response functions does not work any more. On 
the other hand, the heavier the target is (and/or 
the lower the energy of the incident electrons is), 
the larger the effects introduced by the Coulomb 
distortion are. In this work we restrict our study 
to relatively light nuclei 12 C and 16 0 (and 40 Ca 


in a few cases), and high energies. Therefore, all 
results in this work have been computed within 
the plane-wave Born approximation (PWBA), i.e., 
a single virtual exchanged boson is responsible 
for the electron-nucleon interaction and the wave 
functions of incident and scattered electrons are 
described as Dirac plane waves. 

In what follows we summarize how this work 
is organized. In Sect. II we present the basics of 
the general formalism involved in the description 
of PVQE electron-nucleus scattering. Here we 
introduce the approaches considered in this work 
as well as a brief discussion of the WNC nucleon 
form factors. In Sect. Ill we present and discuss 
our results for the PV nuclear responses and 
the PVQE electron hclicity. Here we consider 
different kinematical situations and examine in 
detail the effects associated with the description 
of FSI, relativistic dynamics, off-shcllness and 
weak nucleon form factors. In Sect. IV we apply 
scaling arguments to the PV nuclear responses by 
constructing PV scaling functions to be compared 
with the EM ones. Finally, in Sect. V we 
summarize our basic findings and discuss our 
conclusions. 


II. FORMALISM 

In this section we present the basic formal¬ 
ism involved in the description of PVQE electron- 
nucleus scattering. Here a longitudinally polar¬ 
ized incident electron (characterized by the four- 
momentum AT/ = (Ei, k,)) interacts with the tar¬ 
get nucleus that is assumed to be at rest in the lab¬ 
oratory frame (P% = (Ma, 0 )). The interaction is 
described assuming the Born approximation, i.e., 
only one virtual boson (photon for the EM interac¬ 
tion and Z for the WNC one) with four-momentum 
Q 1 * = (w,q) is considered to be exchanged in the 
process. The scattered electron carries a four- 
momentum K j = (ef, ky) and the residual nuclear 
system is characterized by = (Eb,Pb)- 

This work deals with the description of the QE 
regime and we make use of the impulse approxi¬ 
mation (IA), that is, the boson exchanged is at¬ 
tached directly to a single nucleon which is then 
ejected from the nucleus. Within this framework 
the inclusive cross section corresponding to (e, e') 
processes is simply given as an incoherent sum 
of single-nucleon scattering processes. Although 
this is an important simplification in the descrip¬ 
tion of the electron-nucleus scattering mechanism 
reaction, it has shown its validity when applied 
to the QE kinematical domain. Hence the inclu¬ 
sive differential cross section, da / (dfl f de /), is built 
from the exclusive one (see @] for details) by inte- 
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grating over the variables of the scattered nucleon 
(dflvT = d(cosdN)d(f >) and summing over the A nu¬ 
cleons in the target nucleus. The general expres¬ 
sion for the (e, e') differential cross section can be 
written in terms of nuclear response functions as: 


da 


dejdflf 


= <JMott<yULR L + VtR 1 
- -tt ( a v ~ ha a) (v l R l + v t R t ^ 
+ (hay — aA)vT'R T 


( 2 ) 



FIG. 2: Hadronic vertex in RPWIA. 


where a Mott is the Mott cross section and v a 
the usual lepton kinematical factors (see [31] for 
the explicit expressions). The functions R L ' T 
( R L,T ) are the longitudinal (L) and transverse (T) 
EM (PV) nuclear responses while R T is the PV 
transverse-axial nuclear response. We have also 
introduced the function Mo = G_F|Q 2 |/(2v / 27ra) 
that sets the scale of the PV cross section. Gf 
is the Fermi coupling and a the fine structure 
constant. Finally, qa = —1 and ay = — 1 + 
4 sin 2 8\y represent the vector and axial-vector 
WNC electron couplings, 9w being the weak 
mixing angle. 

Within the IA the nuclear current operator, 
J A1 (q), is taken as a one-body operator. In 
momentum space the current matrix element can 
be simply written as 

= j dp 3> F (p + q)J> i $ B (p) , (3) 

where $_b ($f) is the bound (scattered) nucleon 
wave function and is the one-body current op¬ 
erator. Here we make use of the RMF model, pre¬ 
sented in detail in [32l - l35l] . to describe the bound 
nucleon wave functions. On the contrary, differ¬ 
ent aproaches are considered for the nucleon scat¬ 
tered wave function. First we assume the relativis¬ 
tic plane-wave impulse approximation (RPWIA). 
Here the outgoing nucleon, is described by 
a relativistic (four-component) plane wave. This 
approach is schematically represented in Fig. [2] 
The virtual boson transfers its energy, w, and 
momentum, q, to one nucleon (characterized by 
pv = (E, p)) that is subsequently ejected from the 
nucleus with a four-momentum Pfa = (En,Pn)- 

Final-state interactions (FSI) are an essential 
ingredient in describing electron-nucleus scatter¬ 
ing. Hence, we incorporate FSI in our model by 
describing the wave function of the outgoing nu¬ 
cleon, as a scattered solution of the Dirac 
equation in presence of the same scalar (S) and 
vector ( V ) potentials employed in the descrip¬ 
tion of the bound wave function. Contrary to 


the complex phenomenological potentials used for 
(e,e'N) processes (see S), the real potential con¬ 
sidered in our present case (inclusive electron scat¬ 
tering) preserves the flux. Moreover, the use of 
the same relativistic potential for both the bound 
and scattered wave functions is consistent with 
having the continuity equation fulfilled. Figure [3] 
shows schematically the situation when FSI are 
considered. Note the difference between the four- 
momentum acquired by the nucleon attached to 
the boson (P M + Q M ) and the asymptotic (final- 
state) value: Pfc = ( En,Pn )• 



FIG. 3: Hadronic vertex when FSI are considered 
(RMF-FSI model). 

With regards to the current operator we follow 
the usual procedure, originally proposed in 36] 
and widely used in many later works (see |37„ 38| 
and references therein), that consists of taking the 
current operator corresponding to free (on-shell) 
nucleons. Explicit expressions have been shown 
in numerous previous works [13, 3d. Qjl and 
here we make use of the notation introduced in our 
accompanying work [dj. Following with the general 
discussion presented in [3|, the use of the two 
usual prescriptions, CC1 and CC2, that are totally 
equivalent for on-shell nucleons, leads to different 
results in the case of bound/scattered, i.e., off- 
shell, nucleons. Moreover, current conservation 
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(for the EM and vector weak currents) is not 
fulfilled, hence results may differ significantly when 
different gauges are selected. We consider the three 
usual options: i) Landau (no current conservation 
imposed, denoted as NCC1/NCC2), ii) Coulomb 
(vector current conservation is restored by using 
J 3 = (w/q)J°, denoted as CC1(0) and CC2(0)), 
and iii) Weyl (current conservation imposed by 
J° = (<Z/w)J 3 , denoted as CC1(3) and CC2(3)). 
In the next section a detailed study of the various 
PV inclusive responses and the PV asymmetry 
is presented with emphasis on their sensitivity 
with FSI, off-shellness and the choice of current 
operator. 


A. WNC nucleon form factors 

The PVep asymmetry (defined for elastic 
electron-proton scattering) provides an excellent 
tool to get information on the clectroweak struc¬ 
ture of the proton. This subject was investigated 
in detail in Q. Here our interest is focused 
on the analysis of PVQE electron-nucleus scat¬ 
tering. This process may provide information on 
the nucleon structure that can complement what 
is obtained from the PVep asymmetry, even being 
aware of the uncertainties linked to nuclear effects. 
In this section we summarize the basic points con¬ 
sidered in this work concerning the description of 
the EM and WNC form factors. As already men¬ 
tioned in the introduction, there exist different ap¬ 
proaches that provide precise descriptions of the 
purely EM nucleon form factors in the QE kine- 
matical region of interest for this work Id. Here 
we have considered the GKex model [4ll - l43l ] to de¬ 
scribe the electric and magnetic nucleon form fac¬ 
tors: G P i n M . 

With respect to the weak sector, assuming 
charge symmetry, the WNC nucleon form factors 
can be expressed as [?]: 

G P i n M = (l-4sin 2 M(l + ^)G^ M 

- (1 + Rv)G'e P m — (1 + , 

( 4 ) 

where G E M are the electric, E, and magnetic, 
M, strange form factors. We assume the in¬ 
dependence of the strange form factors to be 
described as follows: G e \q 2 ) = p s rG\ ) (Q 2 ) 

and G$(Q 2 ) = g s G E (Q 2 ), where G E = {1 + 
\Q 2 \/My)~ 2 is the dipole form factor with My = 
0.84 GeV. 

The parameters p s and p s determine the size 
of the strange quark contributions to the electric 
and magnetic vector current in the nucleon, 


respectively. In this work we make use of the 
results given in Q: p s = 0.59 ± 0.62 and 
p s = —0.02 ± 0.21. Notice that the previous 
uncertainties are much larger than the ones shown 
in Q but consistent with those shown in Q. This 
is due to the particular procedure considered in 
their evaluation. 

The WNC axial-vector form factor can be 
written as 0 : 


G e / = 


- 2(1 + R^G^ra + VZR T A =°Gf 


+ (l + Rf)G$ GUQ 2 ), 


( 5 ) 


where the label N denotes proton or neutron and 
the isospin index 73 = 1 (— 1 ) for proton (neutron) 
has been introduced. The term G A = g A = 
1.2695 represents the isovector contribution to 
the axial-vector form factor while 6 '® = (3 F — 
D)/{2y/S) = 0.58 ± 0.12 and G^ = As = 
—0.07 ± 0.06 are the octet and strange isoscalar 
contributions. We use the standard dipole shape 
for the functional dependence of the axial-vector 
form factor: G E (Q 2 ) = (1 + \Q 2 \/M\)~ 2 with 
M a = 1.03 GeV. 

In Eqs. ii the terms R represent the radia¬ 
tive corrections. In this work we consider the val¬ 
ues presented in j44j. It is important to point 
out that the main sources of uncertainties in the 
axial-vector form factor, once one assumes a func¬ 
tional Q 2 -dependence, comes from the radiative 
corrections; in particular, the corresponding ones 
that enter in the isovector (T = 1) sector of the 
axial-vector form factor that constitutes the main 
contribution to G e A . Following [44j |. we consider 
G a ( 0) = 1.04 ± 0.44 where the large uncertainty 
comes from the error in R A =1 = — 0.258 ± 0.34. In 
the next section we analyze in detail the effects of 
these uncertainties on the PVQE asymmetry. 


III. RESULTS 

In this section we perform a detailed analysis of 
the PVQE asymmetry with the goal of getting ad¬ 
ditional information on the electroweak structure 
of the nucleon. To that end, it is essential to evalu¬ 
ate the effects linked to non-nucleonic ingredients, 
in particular, final-state interactions, off-shcll nu¬ 
cleon uncertainties and effects from relativistic dy¬ 
namics. We investigate how these ingredients af¬ 
fect the PVQE asymmetry and compare them with 
the ones associated with the particular description 
of the EM and WNC nucleon form factors. 

The PVQE asymmetry corresponding to (e, e') 
processes can be written in terms of the nuclear 
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response functions as follows: 


A PV 

•A-qe 


Aq 

w 


a A (v L R L + v T R T ) — ayVT'R 


,T' 


( 6 ) 


where we have defined Q 2 = VlR l + vtR t ■ 
This means that we neglect the contribution from 
the PV responses when summing up the cross 
sections for both electron helicities, i.e., a + + a~. 
This approach works perfectly well because of the 
extremely large difference between the magnitudes 
of the purely EM and PV response functions, the 
latter being 4-5 orders of magnitude smaller. 

To simplify the analysis of the results we 
decompose the PVQE asymmetry into a sum of 
three contributions: 


•Aqe = Al + At + At 1 , (7) 

where Al , At and At are proportional to the 
corresponding PV responses: R L , R T and R T . 
In Fig. Q] we present the total asymmetry and 
the three separated contributions as functions of 
the transferred energy, w. As observed, the 
transverse term At dominates in all situations. 
Concerning the two remaining terms, the relative 
predominance of one over the other depends 
on the specific kinematics: Al dominates at 
forward scattering angles, whereas At> gets larger 
at backward angles. Also, notice that At is 
negligible at forward angles (likewise for Al at 
backward angles). These results apply to both q- 
values selected: q = 500 MeV (upper panels) and 
q = 1000 MeV (lower), and can be understood 
from the behavior of the leptonic factors, vl , vt 
and Vt' ■ in addition to the values of the weak 
coupling factors and the particular role played by 
the different nucleon form factors (see [45| for 
details). 


A. FSI and dynamical relativistic effects 


In Fig. [5]we present the PV responses computed 
using the NCC2 prescription and the models: 
RPWIA and RMF-FSI. Additionally, in order to 
estimate the effect of the lower components of 
the nucleon wave function we present the results 
computed in the so-called “effective asymptotic 
momentum approximation” [idl - lbOj . Within this 
approach, which is simply denoted as EMA, 
the nucleon wave function is reconstructed by 
imposing that the relation between lower and 
upper components is the same as the one for free 
spinors, that is, 


i>d(p) 


Pas 

Eas + Afjy 


1 0«(P) , 


( 8 ) 



ca (GeV) 


ca (GeV) 


FIG. 4: (Color online) Inclusive PVQE asymmetry 
(red line) and the three separate components: longi¬ 
tudinal (L, dashed black line), transverse (T, dashed- 
dotted green line) and axial-transverse (T’, dotted blue 
line). Results corresponding to two values of the mo¬ 
mentum transferred q = 0.5 GeV and q = 1 GeV 
are shown in the upper and lower panels, respectively. 
The forward (backward) scattering situation, 9 e = 15° 
( 9 e = 140°), is represented in the panels on the left 
(right) side. The NCC2 prescription is used to describe 
the current and the model RPWIA has been employed. 


where ipd (ipu) represents the lower (upper) compo¬ 
nent of the nucleon wave function. The terms E as 
and p as refer to the asymptotic energy and mo¬ 
mentum of the nucleon, such that E 2 S = M^+p 2 s . 
In the results shown in Figs. [5] and [G] the EMA 
model has been applied to both the bound and 
scattered nucleon wave functions; thus, for the 
scattered nucleon one has p as = p N , whereas for 
the bound state p as = p N — q. 

As observed in Fig. 0 the effects introduced by 
FSI (RMF-FSI vs RPWIA) are, on the one hand, 
a shift in the maximum of the responses to higher 
ui- values, and, on the other, a significant change in 
their shape: a pronounced asymmetry with more 
strength in the tail (high transferred energies). 
Both effects tend to increase for larger q-values. 
On the contrary, the projection on positive energy 
states (RMF-FSI vs EMA) does not change the 
shape of the responses, although it modifies the 
global magnitude. 

In what follows we discuss each response sep¬ 
arately. In the case of the transverse responses 
(. R t and R r ), FSI (RMF-FSI vs RPWIA) gives 
rise to a significant reduction of the maximum 
(~ 20%). On the other hand, the effect of pro¬ 
jection over positive-energy states (EMA) also pro¬ 
duces a slight decrease of the responses of the order 
of 6%. 

The longitudinal response, R L , is approximately 
one order of magnitude smaller than the two other 
PV responses. Moreover, FSI produces a clearly 
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FIG. 5: (Color online) PV responses computed with 
the models: RPWIA (black line), RMF-FSI (dashed 
red line) and EM A (dotted blue line). In the upper 
(lower) panels the momentum transferred is q — 0.5 
GeV (q = 1 GeV). The prescription NCC2 has been 
used. 


metry. In Fig. [6] we present the asymmetry com¬ 
puted using the three models presented previously: 
RMF-FSI, EMA and RPWIA. We also add for ref¬ 
erence the result corresponding to the relativistic 
Fermi gas (RFG) model (see 0, @ for details). 



different effect in this response. Contrary to 
the situation observed in the transverse channel, 
where FSI tends to decrease the maximum of the 
responses compared with the results in RPWIA, 
the global magnitude of R L computed in RMF- 
FSI (dashed red line) is even larger than the result 
in RPWIA. On the contrary, the projected L 
response (EMA, dotted blue line) is significantly 
reduced compared with the full FSI result. This 
behavior is clearly different from the one observed 
in the case of the longitudinal EM response (see, 
for instance, E3) where its dependence with 
FSI and/or positive-energy projections follows a 
similar trend to the one shown by the transverse 
responses. Finally, the smallness of R L can 
be understood considering its dependence on the 
matrix elements of the current operator: 

5L _ / T L ’P\* T L ’P i ( T L ’ n \* T L ’ n 
n y’EM) J WNC,V T y J EM) J WNC,V 

~ ( T L ’P\* T L ’P I / T L ,n\* t L ’P 
~ y J EM) J WNC,V “T y J EMJ J WNC,V > 

( 9 ) 

where the label n ( p ) refers to neutron (proton). It 
is important to point out that the EM longitudinal 
response of the neutron is very small compared 
with the proton one due to the very minor 
contribution of the electric form factor of the 
neutron G^; that is, J^’m Jem- Additionally, 
in the previous expression in Eq. © it has been 
assumed that G^ ~ — G^. The smallness of the 
term G^G^. makes in general Jwnc v the 

same order or even smaller than ,/)(//. 

In what follows we investigate the impact that 
the previous ingredients have on the PVQE asym¬ 


FIG. 6: (Color online) As in Fig. [4] but in this case 
the PVQE asymmetry has been computed using the 
following models: RPWIA (solid black line), RMF-FSI 
(dashed red line), EMA (dotted blue line) and RFG 
(dashed-dotted green line). 

In the case of forward scattering (left panels), 
the maximum dispersion in the results is reached at 
the extreme w-values, i.e., far from the quasielastic 
peak (QEP). RMF-FSI and EMA provide very 
similar asymmetries while RPWIA results differ, 
at most, by ~ 10% at w < 0.1 GeV and q = 0.5 
GeV. It is important to point out that in the region 
around the QEP (w ~ 150 MeV at q = 500 MeV 
and w ~ 500 MeV at q = 1000 MeV), the three 
models (RPWIA, EMA and RMF-FSI) lead to 
very similar results, with a dispersion lower than 
~ 1 %. 

At backward scattering angles (right panels), the 
discrepancies between the three models get larger. 
The highest dispersion is reached for w-values far 
from the center of the QEP. At q = 500 MeV and 
oj ~ 50 MeV the discrepancy is of the order of 
15% (RPWIA vs EMA). This difference holds at 
ui ~ 300 MeV (RPWIA vs RMF-FSI). In the u- 
region close to the center of the QEP the dispersion 
between the curves is always smaller than ~ 5%. 

Finally, the RFG curves are the ones that 
deviate the most, particularly, from the results 
that incorporate FSI: EMA and RMF-FSI, with 
the difference being somewhat smaller with respect 
to RPWIA results. In the w-region where the 
responses reach their maxima (center of the QEP) 
the difference between RFG and RMF-FSI is lower 
than 7%. This difference diminishes for increasing 
values of the momentum transferred, q. 

In the previous paragraph our interest has been 



















placed on the role played by different descriptions 
of the final nucleon state. All results have been 
presented for the case of 16 0 as target nucleus. 
In what follows we analyze the effects stemming 
from the use of different target nuclei. In Fig. [7] 
we show the PVQE asymmetry corresponding to 
three different nuclear systems: 16 0, 12 C and 40 Ca. 
All results have been computed within the RMF- 
FSI approach. As observed, the largest differences 
are of the order of 10% (at w ~ 0.25 GeV and 
q = 1 GeV). This result is consistent with previous 
studies [51| and it proves that Aq can provide a 
useful tool, complementary to the elastic electron- 
proton asymmetry, to get accurate information on 
the electroweak structure of the nucleon. This 
subject is discussed at length in the next sections. 



co (GeV) 




ra (GeV) 


FIG. 7: (Color online) PVQE asymmetry computed 
with RMF-FSI for several target nuclei: 16 O (solid red 
line), 12 C (dashed green line) and 40 Ca (dotted blue 
line). Here the organization of the panels is the same 
as in Fig. [4j 


B. Off-shell effects 

Our aim in this section is to investigate the role 
of off-shell effects in the PVQE asymmetry. Con¬ 
trary to the case of elastic electron-proton scat¬ 
tering, the use of nuclear targets requires the de¬ 
scription of nucleons that are not on-shell. This 
subject has been treated in detail within the frame¬ 
work of coincidence (e, e'N) reactions. Moreover, 
its study in the case of PV electron scattering has 
been presented in an accompanying paper Q. Here 
we extend these investigations to the case of inclu¬ 
sive electron scattering. As is well known, the off- 
shell character of the nucleons involved in electron- 
nucleus scattering leads to results, cross sections 
and nuclear response functions, that can differ sig¬ 
nificantly when different expressions for the nu¬ 
cleon current operator and/or different gauges are 


selected. 

In this section we follow the general terminology 
introduced in our previous work (see [23], [371 . 
[38l l40t for details) and analyze how the PVQE 
asymmetry is modified when several prescriptions 
are used: NCC1, NCC2, CC1(0), CC2(0), CC1(3) 
and CC2(3). All results in this section have been 
computed using the RMF-FSI model, that is, FSI 
are incorporated in the general formalism making 
use of the same relativistic, scalar and vector, 
potentials used for the bound nucleon states. This 
model has been widely tested in the case of the 
purely EM interaction comparing its prediction 
with a large body of (e,e') data (see [ll:.tl3.[52l]). 

In Fig. [5] we analyze the sensitivity of the PVQE 
asymmetry against different off-shell prescriptions. 
We observe that Aq^ shows a tiny dependence 
with the gauge selected except in the case of 
CC1(3) at forward scattering angles (left panels). 
Although not presented here, the longitudinal re¬ 
sponses from CC1(3) are shown to be dramatically 
different from the corresponding responses associ¬ 
ated with the remaining prescriptions. Moreover, 
the choice of the nucleon current operator (CC1 vs 
CC2) leads in general to important differences. At 
forward angles (left panels) the discrepancies are 
of the order of ~ 30% (~ 17%) at q = 0.5 GeV 
{q = 1 GeV) in the w-region close to the center of 
QEP. On the contrary, at backward angles (right 
panels) the differences are considerably reduced: 
~ 5% (~ 2.5%) at q = 0.5 GeV (q = 1 GeV) in the 
same oc-region. 
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FIG. 8: (Color online) PVQE asymmetry within RMF- 
FSI model, with the same organization of the panels 
as in Fig. [5] The results are computed using CC1 and 
CC2 currents in the different gauges (see legend). 
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C. Nucleon structure: WNC form factors 


In this section we evaluate the impact that the 
description of the nucleon form factors has in the 
PVQE asymmetry Aq One of the ingredients 
that makes the study of this observable appealing 
is the presence of the neutronic channel in the 
scattering process. In order to highlight the 
differences with the elastic case, one can separate 
the contributions from protons and neutrons in the 
PVQE asymmetry, i.e., Aq v e = A p + A n , where 


Ar).n — 


Ao 

W 2 L 


CIA 


(v L R 


L 

'Pi n 


VtR v 


— clvvt'R 


T' 

p,n 


( 10 ) 


Where are the proton ( p ) and neutron (n) 

PV responses. The analysis presented in this work 
applies only to the case of zero isospin nuclei, 
i.e., nuclei with the same number of protons and 
neutrons. Although the results presented in this 
section correspond to 16 O, we have checked that 
the discussion follows similar trends in the case of 
other nuclei such as 12 C and 40 Ca. 

In this work we use the GKex prescription to 
describe the behavior of G p E n M , whereas for the 
WNC form factors we make use of the results 
obtained in [s], also briefly summarized in 
Sect. Ill Al 

Before entering into a detailed discussion of the 
results, some comments on the general procedure 
considered are in order. We have checked that R T , 
computed within the RMF-FSI approach, does 
show a small dependence on the WNC electric form 
factor Ge ; therefore, the asymmetry contribution 
At is very insensitive to the electric strangeness 
content. Similarly, R L shows a weak dependence 
on Gm; then the magnetic strange form factor 
G s m plays a very small role in the asymmetry Al ■ 
Finally, the PV response R T (see Q) is, by 
construction, independent of Gm and Ge', hence 
neither the electric nor the magnetic strangeness 
can modify At 1 • Therefore, the dependence of the 
PV asymmetry with the nucleon strangeness enters 
only through the T channel (magnetic strangeness) 
and the L one (electric). The latter only occurs at 
very forward scattering angles. In what follows we 
discuss these results in detail. 

To address the impact on Aqe linked to the 
description of the magnetic strange form factor, 
we have computed the PVQE asymmetry using 
the two extreme values of fx s = —0.02 ± 0.21. 
This is represented in Fig. [9] by the black band. 
We observe that at forward scattering angles (left 
panels) the width of the band is: ~ 4% (~ 3.5%) at 
q = 500 MeV (q = 1000 MeV). Similar results are 


found at the backward kinematics (right panels): 
~ 3.5% for both q-values, q = 500 and 1000 MeV. 

This low sensitivity of Aq v e to the magnetic 
strange form factor can be easily understood. 
As a first approximation, the PV transverse 
response R T can be simply given by the particular 
combination: R pn ~ G p ^J l G p ^ n . Hence we can 
write: 

R p ~ (1 — 4sin 2 $vv)(l + Ry){G p M ) 2 
—{^ + Rv)G p M G r l I + (l + R\))G p M G s M , ( 11 ) 


and 


R T n ~ (1 - 4sin 2 6 W ){1 + R^)(G n M ) 2 
-(1 + R-v)GmGm + (1 + Rv ) )G'mG s m ■ (12) 

Assuming G P M ~ -G^, it can be seen that the 
nucleon magnetic strangeness does play a very 
minor role in the transverse response, no matter 
which specific scattering angle is considered. In 
other words, when adding proton and neutron 
contributions, the last term goes as the isoscalar 
magnetic form factor, which is very much smaller 
than the isovector one. Note that in a case like 
2 ' Al there will not be as good a cancellation, which 
may be interesting for the Qweak experiment [53 ] 
where some of the PV asymmetry comes from 
the aluminum windows. In summary, the nucleon 
magnetic strangeness is also strongly reduced in 
the PVQE asymmetry, being much smaller than 
the one found in the case of elastic electron-proton 
scattering [§]. 

To study the effect of the electric strangeness in 
■Aqe we restrict ourselves to the forward scattering 
kinematics where the longitudinal contribution 
attains its largest value (see Fig. [4]). We consider 
the two extreme values for the electric strange 
parameter: p a = 0.59 ± 0.62. This produces a 
dispersion of the order of ~ 13% in the PVQE 
asymmetry (red band in left panels in Fig. [9]). 

The longitudinal PV response can be approxi¬ 
mated as Rp n ~ G p E n G p E n . Thus one can write: 

R p ~ (1-4 sin 2 B w ){1 + R p v ){G p e ) 2 
— (1 + Ry)G E G E + (1 + Ry*)G p E G s E , (13) 

and 

R-n ~ (1-4sin 2 e w )(l + R^)(G n E ) 2 
-(1 + R p v )G n EG p E + (l + R^)G n E G S E. (14) 

Because of G E G E , the role played by the 
electric strangeness is much weaker in R^ than in 
Rp. This means that the impact of G S E in the 
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FIG. 9: (Color online) PVQE asymmetry at forward 
(left panels) and backward (right panels) scattering 
angles. The upper (lower) panels correspond to the 
momentum transfer q = 0.5 GeV (5 = 1 GeV). 
The black band represents the uncertainty in Aqe 
due to the magnetic strange parameter fi 3 . The red 
band (left panels) shows the effect of the electric 
strange parameter p s while the green band (right 
panels) corresponds to the impact associated with the 
uncertainty in the isovector contribution to the axial- 
vector form factor (see text for details). 


PVQE asymmetry comes almost exclusively from 
the proton response. 

From the previous discussion, a clear difference 
emerges between the present QE regime and the 
elastic one described in Q. Due to the minor 
role played by the magnetic strangeness in the 
PVQE asymmetry (< 4%), the measurement of 
•Aqe forward kinematics could provide valuable 
information on p s , being rather independent of p s . 
This result is clearly in contrast with the situation 
that is observed for the PVep asymmetry where 
p s and p s are strongly correlated [9|]. In this sense, 
the analysis of the QE regime could help in getting 
additional information on the electric strangeness 
content in the nucleon, i.e., p s (or G S E ). However, 
some caution should be drawn before arriving at 
definite conclusions. The analysis of the forward 
scattering situation is not free from ambiguities. 
We have already shown that off-shell effects may 
introduce significant uncertainties in the PVQE 
asymmetry. 

To conclude, we analyze the sensitivity of the 
PVQE asymmetry with the axial-vector form 
factor. The axial transverse PV response can be 
approximated by the product of the magnetic and 
axial form factors, i.e., R^ n ~ Gjf G e J^ p ’ n \ Then, 


the following expressions hold: 

Rp ~ -2(1 + Ra =1 )G t a =1 G p m 
+V3Ra~ 0 G ( aGm + (1 + R^)G s a G p m , (15) 

and 

RZ ~ 2(1 + R 1 x = 1 )G t a =1 G r ' M 
+V3Ra °g[ZGm + + Ra^GaGm ■ ( 16 ) 

As already shown for the purely transverse re¬ 
sponse R t , the approximation G P M « -GJj leads 
to similar (but opposed) proton and neutron con¬ 
tributions to the PVQE asymmetry. Because of 
that, the effect of the axial-vector strangeness and 
the contribution from the octet isoscalar G\ are 
very small. On the contrary, this response shows 
a strong sensitivity against any variation in the 
isovector contribution of the axial-vector form fac¬ 
tor. This analysis is presented in the right pan¬ 
els of Fig. [9] The ambiguity associated to the 
use of the extreme values: R A = 0.082 and 

= —0.598, is of the order of ~ 10% at 
q = 500 MeV, while at q = 1000 MeV it is slightly 
lower, ~ 8%. This is represented by the green band 
in the right panels of Fig. [21 

The entire analysis presented in this work cor¬ 
responds to the impulse approximation. Effects 
linked to meson-exchange currents (MEC), only 
partially treated at present for PV electron scat¬ 
tering reactions, can also introduce differences in 
Aqe at forward kinematics (see [13 )• Hence some 
caution should be addressed before more definite 
conclusions can be drawn. 


IV. SCALING IN THE PV RESPONSES 

The analysis of inclusive electron scattering data 
in the QE domain has proven the validity of the 
scaling phenomenon. This means that the reac¬ 
tion mechanism in the process can be properly de¬ 
scribed as the scattering between the electron and 
the constituents, the nucleons, in the nuclear tar¬ 
get. Hence the differential (e,e') cross section di¬ 
vided by an appropriate single-nucleon cross sec¬ 
tion leads to the so-called scaling function that is 
shown to depend only on a single variable, named 
the scaling variable, assuming the transferred mo¬ 
mentum is high enough. Moreover, this function 
scales with the nuclear species as the inverse of 
the Fermi momentum. Hence an universal su¬ 
perscaling function, namely, independent of the 
transferred momentum and the nuclear system, 
can be introduced. This property has been shown 
to be fulfilled quite well by the longitudinal (e, e') 
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data, while it is violated in the transverse channel, 
where ingredients beyond the impulse approxima¬ 
tion come into play: A-resonance, meson exchange 
currents, multi-nucleon excitations, etc. 

The superscaling approach has been studied 
in detail in the past [HI, ^lj, [54l4H| and its 
predictions have been extended to the analysis of 
neutrino-nucleus scattering processes [llj, HU, Ei- 
Hdf. Moreover, scaling properties have also been 
analyzed within the context of different models, 
in particular, the RPWIA and the RMF-FSI 
approaches considered in this work. One of the 
most outstanding results concerns the behavior 
shown by the superscaling function extracted 
from the RMF-FSI model. Not only does the 
function show an important asymmetry, with a 
long tail extended to high transferred energies, 
in accordance with data, but also the scaling 
functions corresponding to the longitudinal and 
transverse channels present differences, the T 
response being larger by ~ 20%. This result, 
that is absent in most other theoretical approaches, 
seems to be supported by the analysis of data 
presented in (52|, |67|. 

In this work we extend for the first time the 
scaling/superscaling analysis to the PV responses. 
We apply this study to our models and evaluate the 
interference scaling functions, /l.t.t' , by dividing 
the corresponding PV nuclear responses by the 
appropriate single-nucleon contributions. The 
explicit expressions for the latter are given in 
the Appendix [A] In order to make clear how 
scaling arguments work for the PV interference 
observables, these are compared with the purely 
EM responses as well as with data. 

In Fig. [TO] we present the EM and PV interfer¬ 
ence (referred simply as PV) scaling functions com¬ 
puted with the NCC2 prescription and correspond¬ 
ing to the RPWIA model. Results are shown for 
two different target nuclei: 12 C and 16 0. Although 
not shown, results are very similar for 40 Ca. Two 
values of the transferred momentum have been se¬ 
lected: q = 500 MeV/c (left panels) and q = 1000 
MeV/c (right panels). In both cases the scaling 
function is presented for the three (two) channels 
involved in PV (EM) electron scattering processes: 
L (upper panels), T (medium) and T' (lower). In 
all cases we include for reference the data corre¬ 
sponding to the analysis of the purely EM longitu¬ 
dinal channel, i.e., f^° p . 

As observed, RPWIA fulfills first, second and 
third kinds of scaling, namely, the functions are 
almost independent of the transferred momentum, 
the nuclear system and the particular channel con¬ 
sidered. Moreover, the new PV scaling functions 
coincide with the purely EM ones. This supports 
the idea of an universal scaling function. However, 


FIG. 10: (Color online) EM (dashed lines) and 
interference (solid lines) scaling functions computed 
using NCC2 prescription, the RPWIA model and two 
target nuclei: 12 C (black) and ls O (red). The left 
(right) panels correspond to the momentum transfer 
q = 500 MeV ( q = 1000 MeV). We represent the 
longitudinal ( L , upper panels), transverse ( T , central 
panels) and transverse axial (T', lower panels) scaling 
functions. As reference, the experimental longitudinal 
scaling data are also represented (blue points) [57). 

RPWIA theoretical predictions do not reproduce 
the shape nor the height of f^ p . As already dis¬ 
cussed in previous work [o'J, the RPWIA leads to 
scaling functions that lack the strong asymmetry 
shown by the analysis of data. This behavior also 
applies to the PV responses. 

In Fig. |TT] we present the scaling functions but 
with FSI described by means of the RMF model. 
This analysis has been shown in detail in the 
past for the EM responses. Here we extend our 
investigation to the PV observables. To make 
clearer the discussion we only show results for 16 O. 
Other nuclear systems, such as 12 C and 40 Ca, lead 
to the same conclusions with very similar results. 
Contrary to the RPWIA case, note that the RMF- 
FSI model leads to scaling functions that show 
some dependence with q , i.e., scaling of the first 
kind is broken at some degree. However, this is 
consistent with PC electron scattering data and 
their associated uncertainties. In particular, for 
increasing g-values (compare left panels, q = 0.5 
GeV, with the right ones, <7=1 GeV), the peak of 
the scaling function is shifted to higher i jj (higher u> 
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FIG. 11: (Color online) As in Fig. [TUI but using the 
RMF-FSI model and only for le O. 


values), the maximum being reduced and the tail 
enhanced. Concerning the comparison with data 
(strictly speaking this should only apply to the 
purely EM longitudinal channel), the accordance 
improves very significantly with respect to the 
RPWIA predictions; RMF-FSI is able to reproduce 
not only the height of the peak, but also the 
particular asymmetrical shape of /“ p . 

With regards to the comparison between the 
EM and the interference scaling functions evalu¬ 
ated with the RMF-FSI model (Fig. fill) , in the 
transverse channel one gets /t ~ fr ~ fr'■ On 
the contrary, the role played by FSI is clearly dif¬ 
ferent in the longitudinal channel. Notice that the 
weak interference longitudinal scaling function, , 
is significantly larger than the purely EM one, fj/. 
Il » O. 6 / 1 , (/l « 0.75 J L ) at q = 500 MeV (1000 
MeV). It is important to point out that RMF- 
FSI leads to a function with its maximum be¬ 
ing considerably higher than the corresponding re¬ 
sult in RPWIA. This behavior is in contrast to 
the effects introduced by FSI for all the remaining 
scaling functions, including the EM longitudinal 
one. This particular result can be connected with 
the smallness of the PV longitudinal response (see 
Fig- 0, that consequently shows a very high sensi¬ 
tivity to the distortion introduced by FSI. Notice 
that fi, ss f L within RPWIA. 

To conclude, scaling of zeroth kind is clearly 
violated by both the EM and the PV functions. 


In the latter, one can express: fr « 0.75 /l 
(Jt « 0.95 J L ) at q = 500 MeV (1000 MeV), that 
is, the longitudinal function exceeds the transverse 
contribution. In contrast, the EM responses 
satisfy: /l ~ 0.85 fr at both q-values. This 
result is consistent with previous studies [b3 | and 
with the preliminary analysis of the separated 
EM transverse (e, e') data performed by Donnelly 
and Williamson jf38| (see also [6Z|). Although 
not shown, similar results are obtained for 12 C 
and 40 Ca. Hence scaling of second kind, namely, 
independence on the nuclear system, is fulfilled 
within the RMF-FSI model. 


V. SUMMARY AND CONCLUSIONS 

This work has been devoted to the study of 
PVQE electron-nucleus scattering. Our main 
interest has been to explore new observables (in 
addition to the ones occurring for the elastic 
electron-nucleon reaction) that allow us to get new 
and precise information on the nucleon structure. 
In particular, PVQE reactions on complex nuclei 
can provide information on the WNC form factors 
that complements the one obtained from other 
processes such as elastic scattering off protons @,[9] 
and light nuclei El 3,|pz2, QE electron scattering 
off deuterium [72|,l73j], neutrino scattering, etc. 

To simplify the analysis we have isolated in the 
PV asymmetry (Aq^) its L contribution (linked to 

R l ), T (linked to R T ) and T' (linked to R T ). We 
have found that the T component dominates for 
all kinematics; on the contrary, the L contribution 
is negligible at backward scattering angles, while 
T' is small at forward angles. 

We have performed a fully relativistic descrip¬ 
tion of PV (e, e') processes and have quantified the 
uncertainties in the responses and the asymmetry 
linked to the following ingredients: 

• Treatment of FSI and description of the 
nucleon wave function (Sect. \III A\ ). 

The addition of FSI produces a visible change 
in the shape of the responses (symmetric 
in RPWIA and asymmetric with a more 
pronounced tail with FSI on), that are also 
shifted to higher ce-values. In particular, 
FSI reduce the height of R L,T and R T,T 
(in their maxima) around 15 — 20%. The 
role played by the distortion of the lower 
components of the nucleon wave functions 
(FSI vs EMA) in the PV responses is of the 
order of ~ 5 — 10%. However, a different 
behavior is shown for the PV longitudinal 
response R L . Here FSI do not reduce the 
height of the maximum, but tend to increase 
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the total area under the response, which is 
notably larger than in RPWIA. This result 
can be a consequence of the smallness of 
R L (one order of magnitude smaller than 
the others). Dynamical relativistic effects, 
i.e., distortion of the lower components in 
the nucleon wave functions, make a very 
significant difference in R L . Notice that R L 
computed with EMA presents a behavior 
similar to the rest of responses. This is in 
contrast to R L evaluated with full FSI. 

With regards to the PVQE asymmetry, we 
find that in the region of ui close to the max¬ 
imum of the QE peak the difference between 
RPWIA, FSI-RMF and EMA results is - 1% 
(~ 5%) at forward (backward) scattering an¬ 
gles. For values of ui away from the center of 
the QE peak those differences are always be¬ 
low ~ 10% (~ 15%) at forward (backward) 
angles. 

• Description of the hadronic vertex (off-shell 
effects, Sect. I III B\) . 

Effects in the transverse responses R T and 
R t,t (with FSI) linked to the choice of the 
current operator (CC1 vs CC2) deserve to 
be commented on: differences are of the 
order of 20 — 40%. These discrepancies show 
up in the PVQE asymmetry. At forward 
scattering angles the effects are of the order 
of 15 — 30% in the region of ui around the 
maximum of the responses. At backward 
angles the differences are reduced, notably 
being lower than 5% in the same region of ui. 
Finally, the three gauges, Landau, Coulomb 
and Weyl, provide very similar responses 
when using CC2 and RMF-FSI. On the 
contrary, the use of CC1 leads to significant 
differences in the responses, particularly, in 
the case of the Weyl gauge. The effects 
in the asymmetry due to the choice of the 
gauge are tiny at backward scattering angles 
because of the negligible contribution of the 
longitudinal responses. These effects remain 
small at forward scattering angles except for 
the CC1(3) prescription. 

In addition to the effects associated with the 
nuclear model description, in Sect. IIII Cl the 
sensitivity of the PVQE asymmetry to the nucleon 
form factors has been investigated. The PV 
asymmetry shows a very mild dependence with 
the magnetic strangeness content in the nucleon 
because of cancellations between the proton and 
neutron contributions. A similar comment applies 
to the isoscalar contributions (including the axial- 
vector strangeness). Regarding the sensitivity of 


the PVQE asymmetry on the electric strangeness 
content, at forward scattering angles it is of the 
order of ~ 13% (for the q-values considered in 
this work). This result has been estimated by 
using the extreme values of the parameter p s = 
0.59 ± 0.62 that are consistent with the analysis 
of the PVep asymmetry data presented in Hi- 
It is important to point out that getting nucleonic 
information from measurements of Aq\ at forward 
scattering angles is not free from ambiguities. On 
one hand, the choice of CCl and/or CC2 (off-shell 
effects) gives rise to differences in the asymmetry 
of the order of ~ 30% (~ 17%) at q = 500 MeV 
(q = 1000 MeV). On the other hand, effects linked 
to MEC could modify in a significant way the 
results obtained at these kinematics (see fl3l|h 
Choosing backward scattering kinematics makes 
the analysis of results much more favorable. Here 
the choice of R^ =1 within the range given by 
[—0.598, 0.082] produces a change in the PVQE 
asymmetry of the order of ~ 10% (~ 8%) at 
q = 500 MeV (q = 1000 MeV). At backward 
angles MEC effects in the asymmetry are expected 
to be small: below ~ 0.5% at q = 500 MeV 
and much smaller at higher q (see [T 3 ]L and 
furthermore, off-shell effects are also significantly 
reduced: ~ 5% (~ 2.5%) at q = 500 MeV 
(q = 1000 MeV). Therefore, a measurement of the 
PVQE asymmetry at backward scattering angles 
and transferred momentum q ~ 500 — 1000 MeV 
could be very useful to estimate the radiative 
corrections that enter in the isovector axial-vector 
sector of the weak neutral current, 

An important effect in the determination of the 
strange form factors comes from the uncertainty 
linked to due to the correlation between 

p s and f?5 =1 A backward scattering angles. In 
other words, p s values obtained from the analysis 
of the PVep asymmetry data @, [3 are affected by 
the value of R employed in the fit. Moreover, 
due to the strong correlation between p s and p s , 
the value of the latter depends strongly on the 
value of the former. This is clearly illustrated 
in Q. Thus, a more accurate determination of 
i?^ =1 would reduce significantly the theoretical 
uncertainties associated with the vector strange 
form factors. This would also establish constraints 
that any theoretical model aiming to describe the 
so-called anapole effects (implicit in i?/[ =1 ) should 
ful fill . 
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Appendix A: Definitions of the interference 
scaling functions 


In the context of the relativistic Fermi gas 
fRFG) the scaling variable is defined as (see [5J- 

m) 

1 — n~' 

^ = -zf= t ( Al ) 

V J (l + A')t' + KyJ t'(t’ + 1) 


where Pf = yj\ + ( kp/M ) 2 — 1, k = q/(2M), 
A' = uj'/(2M) and r = k 2 — A' 2 . M is the 
nucleon mass and kp the Fermi momentum (57| . 
We have introduced the variable u/ defined as 
a/ = to — E s hift , where, the quantity E s hift depend 
on the target nucleus |57| . 

The EM longitudinal, L , and transverse, T, 
scaling functions are defined in [56|. Similarly, 
the interference scaling functions are: 




Rl,t,t’(k, A) 
Gl,t,t'(k, A) 


We have introduced the functions: 

Gl,T,T’{k, A) = —A), 


(A2) 


(A3) 


where 


U l (k, A) 

Ut(k, A) 
U T ’(k, A) 


— H e + W 2 A 

t 

2 tH m + W 2 A , 
H a { 1 + A). 


(A4) 

(A5) 

(A6) 


Additionally, 


He 

= ZG p E G p E + NG n E G n E , 

(A7) 

Hm 

_ r 7r^v \jn n r 171 

(A8) 

W 2 

i 

1 + T 

H e + tH m 


(A9) 

Ha 

= 2yJ T (r 

+ 1) [ZG p M G e / 



+ NG n M GT} , 


(A10) 


where Z and N represent the proton and neutron 
number of the target nucleus, respectively. Finally, 


A 


£f(i - ip 2 ) 


V t ( t + i) 

K 


+ ifr£<!-*>)_ . 

(All) 

A -2*Vl+T Ml ^ 

(A12) 

V = 1 + -£f(1 + ip 2 ) ■ 

(A13) 
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